Abstract A method is described for determining self and impurity diffusion rates in high vapour pressure solids at cryogenic temperatures. It is based on mass spectrometer analysis of the concentration of a tracer in the vapour in equilibrium with the solid. The major source of possible error lies in determining the effective diffusion surface area of the crystal. In the case of solid argon it is estimated that the diffusion coefficient is obtained to k 3 %.
Introduction
As part of a study of the properties of the condensed inert gases in this laboratory, a method has been developed for determining diffusion rates in solids by measuring the change in isotopic concentration of vapour in equilibrium with the solid as a function of time. Conventional methods (e.g. as summarized by Lazarus 1960) may not be applied to the solidified inert gases because of their high vapour pressures near the triple points (argon 517 torr at 84"~) and because they solidify at cryogenic temperatures, thus making handling and sectioning techniques extremely difficult. A further difficulty is that of preparing specimens with well-defined surface areas for diffusion.
Previous studies have been carried out using nuclear magnetic resonance, for example on xenon (Yen and Norberg --)c 1963) and 3He (Reich 1963) . This technique has several advantages but is not suitable for a detailed systematic study of diffusion in the inert gas solids because of the lack of isotopes with suitable spins. Also the method often requires the addition of a substantial amount of impurity to the solid (1-2 %) in order to obtain reasonable relaxation times.
Nuclear magnetic resonance may not be used to measure self-diffusion in argon or krypton, nor is it possible to use it to determine the isotopic mass dependence of diffusion.
Recently Bern&, Boato and de Paz (1966) have carried out measurements of self-diffusion in solid argon using a massspectrometer technique. The principle of the method described here is similar in that tracer atoms are introduced into the vapour in equilibrium with the solid and the diffusion coefficient is determined from measurements of the subsequent decrease in tracer concentration. However, the details of the apparatus, together with the procedures adopted for determining the effective surface area and extracting the diffusion coefficient from the data, are new and result in a significant increase in accuracy. In addition, the method has also been generalized so as to be applicable to impurity diffusion measurements. 2 Principle of method A schematic view of the apparatus is shown in figure 1. Thin solid specimens C are deposited directly from the vapour phase on to a well-defined cold area on the base of chamber S . To initiate the diffusion experiment a tracer mixture, prepared Hoke valves; C, solid argon specimen; F, vapour transfer control valve; He, helium cylinder; J, expansion volume; K, Nier type mass spectrometer; L, activated charcoal; M, Pirani gauge; NI, Nz, N3, needle valves; P, mercury column used to transfer vapour; Q, calibration volume; S, diffusion chamber; T, tracer mixture General arrangements of apparatus: AI, Az, in volume T, is exchanged s i t h the vapour above the solid via needle valves NI and N3 at time t = 0. Slow gravitational displacement of the mercury column controlled by valve F allows this operation to be carried out over a period of the order of 2 minutes under constant pressure conditions. The time taken to exchange the vapour has to be short relative to the duration of the experiment, in order that the start of the diffusion process is sell defined. Homever, too rapid transfer results in fluctuations in pressure or temperature, and upsets the equilibrium between vapour and solid.
Diffusion then takes place into the solid and the isotopic concentration in the vapour phase decreases with time, at a rate dependent on the solid diffusion coefficient. Small samples of the vapour ( N 10l6 atoms) are extracted at regular intervals by partially opening needle valve N2 and leaking it into volume J. Each sample is analysed by means of the mass spectrometer K. In the case of krypton diffusion in solid argon, the krypton concentration in the vapour is very small ( -IO-*) and a gas chromatograph column is used to enrich the sample by separating out most of the argon (see 97). Because the mixing in the vapour phase (Dvap 2 10-2 cmP s-1) is fast relative to diffusion rates in the solid (Dso12: 10-11-10-13 cm2 s-l) the system may be regarded as a semi-infinite solid in contact with a well-stirred fluid. The tracer coefficient D in solid argon is deduced from the solution of Fick's equation : 
Cryostat design
The cryostat described here is used for measurement of selfdiffusion and krypton diffusion in solid argon. The range of experimental interest is immediately below the triple point of argon (83.8"~) and therefore the cryostat is designed to reach and maintain temperatures in the range 65-84"~ for long periods (of the order of days). Careful temperature control of both solid and vapour is essential while diffusion takes place. This is to ensure that redistribution of tracer atoms within the specimen chamber occurs only as a result of diffusion processes between the vapour and solid phases and not through mass transport produced by a temperature change. With krypton diffusion measurement, where k 2 temperature stability of about & 0.001 degK is necessary in both the solid and vapour phases.
The cryostat is shown in figure 2. The solid argon specimen is formed in chamber S on the highly polished upper surface of a copper block K. For accurate measurements the diffusion chamber must be designed so that the quantity
where t is the observation time of the experiment. This condition is necessary to ensure that the tracer concentration varies in a useful manner during the observation period ( N 2 h). In order that the specimens form on a well-defined surface area, a temperature gradient ( -30 degK cm-I) is maintained across the specimen chamber by means of heater Hz. The walls of the chamber are of 0.01 in thick stainless-steel tubing. Nylon spacers are incorporated into the clamping bolts B so that they do not represent an appreciable thermal link between the top and bottom of the chamber.
The sample chamber is cooled by liquid nitrogenioxygen contained in a silvered glass Dewar D. Thermal contact between the copper block and the coolant bath is via a Temperatures down to about 6 5 "~ may be obtained by pumping on the coolant. In order to isolate the specimen chamber from perturbing effects of the coolant bath (level changes, vapour, etc.) it is surrounded by an evacuated vacuum can V. The pressure above the coolant is regulated to kO.2 torr by means of a Cartesian manostat, representing a temperature stability of about ?C 0.02 degrc. The coolant level is continuously maintained at a controllable rate by an efficient transfer tube system TT. Fine temperature control (kO.001 degK) is obtained by use of two copper resistance thermometers RT1 and RTz mounted at the top and bottom of the specimen chamber respectively. These form the arms of two a.c. bridges, the amplified out-of-balance signals of which are used to control current supplies to heaters HI and Hz.
Inlets to the specimen chamber are controlled by three fine control needle valves NI, N z , N3 which are operated manually at the top of the cryostat. Valve N2 is used to leak out small samples of vapour for analysis and NI and N3 are used as on-off valves. The detailed construction of a valve is shown in figure 3 . Considerable difficulty was experienced in finding a tip-seat combination that operated well at liquid nitrogen temperatures. A PTFE needle in a brass seating was found to work satisfactorily provided the initial seating was formed at room temperature, when the PTFE is more malleable. The valve operates against a highly tensile spring to achieve the precise control needed to leak out a small amount of vapour in the case of Nz, and to avoid sticking.
Gas handling system
The gas handling system is shown schematically in figure 4.
It provides a means of introducing accurately known quantities Gas handling system: F, vapour transfer control valve; G, gas bottles; 11, 12, isotope mixtures; MI, M2, connection to manometers; NI, N3, needle valves; PB, precooler bulb; P, mercury column used to transfer vapour; T, tracer mixture; V,, calibrated volume in oil bath of gas into the specimen chamber so that specimens of known thickness can be grown. It also includes facilities for the preparation of tracer mixtures of roughly known composition required in the vapour exchange procedure described in 92, and also for calibration of the mass spectrometer. Volumes were measured against a previously calibrated volume V , using the volume sharing method. The precooler bulb was used to adjust the pressure in the system. By placing the bulb in a Dewar containing liquid nitrogen, the pressure could be reduced; or by condensation from a large volume and subsequent evaporation into a smaller one, it could be increased. Pressures were measured to i 0.05 torr with manometers MI and MZ and a vertical cathetometer. The volumes were calibrated to f. 0.05 % and it is estimated that average crystal thicknesses were known to = 0.2 pm.
Mass spectrometer
The mass spectrometer is of the Nier type with single magnetic focusing. It was constructed entirely of non-magnetic stainless steel and was baked at 350'c to reduce background levels. It was designed especially for accurate measurement of low inert gas concentrations. Similar mass spectrometers have been described previously (Nier 1947 , Reynolds 1956 ). 6 Crystal growth Ideally, experimental investigations of diffusion should be carried out on single crystal specimens with well-defined surface areas. However, preliminary investigations showed that in the present case it was not possible to grow single crystal thin films directly using the structure of a substrate, i.e. epitaxially. Other investigators have obtained large crystals of argon either by annealing polycrystalline specimens or by growth from annealed seed crystals (Pollack 1964 , Peterson et al. 1966 . From present experience it does not seem possible to grow single-crystal thin films by epitaxy or annealing. However, large grain crystals (with diameters about 10 times the thickness) were obtained by annealing to equilibrium, when the effect of grain boundaries can be well accounted for as described below.
The activation energy for grain boundary and surface diffusion is about 0.5 of that for lattice diffusion (Fisher 1951, Hoffman and Turnbull 1951) 
Dvap. Thus for thin specimens the tracer concentration in the boundaries will rapidly reach equilibrium with the vapour. The effect of the grain boundaries is therefore to increase the effective surface area of the solid exposed to the vapour by an amount AB, the area associated with the grain boundaries. This contrasts with the usual effect of grain boundaries on lattice diffusion (Fisher 1951, Hoffman and Turnbull 1951) . The total surface area for diffusion is then A = A s + AB, where A s is the surface area of the copper block.
The effect of grain growth on the total surface area for diffusion is given in figure 5 , where results are shown for runs on specimens which had been grown and subsequently annealed at T=78.4" and 66.4'~. D 1 I 2 ( A s + A~) is plotted as a function of the time ta during which the specimen was annealed prior to the experiment. Since all the measurements n.ere carried out on specimens of the same thickness (I= 11.6 pm) and surface area As$ the observed decrease in D 1 i 2 ( A s + A~) at 6 6 "~ must be due to recrystallization processes causing grain-growth and hence reducing AB. From figure 5 it may be seen that when ta%6 h, AB appears to have reached an equilibrium value. Grain growth at 7 8 '~ is so rapid that equilibrium is reached quickly and D112A does not appear to change significantly during the range of ta studied. Previous investigations (Bern6 et al. 1966) have indicated that the grain structure of thin solid argon specimens near the triple point is probably the result of abnormal grain growth processes and that the average grain diameter d % 1. Hillert (1965) has suggested that recrystallization processes will cease when all grains have a similar geometrical shape. The anneal curves shown in figure 5 are consistent with this behaviour and suggest that in the 'well-annealed' state, specimens are characterized by similar grain distributions and therefore have similar effective surface areas. At equilibrium the boundaries traverse the shortest dimensions of the sample. We thus tentatively conclude that AB does not vary significantly for well-annealed specimens and that the value of AB determined by the above method may be used to extract a value of the diffusion coefficient from D112A.
Sample analysis procedure
The mass spectrometer is first calibrated with a tracer mixture of known concentration. Samples of about 10l6 atoms are taken at approximately 10 minute intervals during the diffusion experiment by operating needle valve NZ to raise the pressure in J (figure 1) to approximately 10mtorr. The analytical procedure depends on the tracer. In the case of self-diffusion, about 3 % 36Ar concentration is used and is analysed by transferring a small and well-mixed part of the total sample to the spectrometer where the ratio 36Ar/40Ar is measured directly. In the case of krypton diffusion, the sample consists of approximately concentration of krypton in argon, and for an accurate measurement this ratio must be considerably enriched without appreciable loss of the krypton. Gas chromatographic principles can be applied for this purpose, although special problems arise when such methods are used in conjunction with a mass spectrometer to analyse small quantities of gas.
The apparatus used for the krypton-argon separation is shown in figure 1 . The sample is first expanded into volume J of 100 cm3. A small part ( N 0.05 %) of the sample is collected in the calibration volume Q for subsequent measurement, indicating the argon content of the sample. The separator L consists of a 70 cm length of in inside diameter copper tube packed with 30 gauge charcoal. Initially this section is evacuated and baked at 250"c for 24 hours in order to activate the charcoal. In operation the sieve is cooled to -20"c and valve A1 is opened to introduce the sample to the charcoal. The argon, which passes through the sieve more rapidly than the krypton, emerges and is pumped away via valve Az. The efficiency of the gas separation procedure is increased considerably by using 4He as a carrier gas at an estimated average flow rate through the sieve of approximately 10 pl s-1 (i.e. a considerably lower rate than normally used in gas chromatographs). After 30 minutes valve A1 was closed, shutting off the carrier gas supply. After a further 2 minutes when the remaining *He had passed through the sieve, A2 was closed. The sieve was then heated to 80"c to eject the krypton, which was subsequently passed direct to the spectrometer for analysis. Removal of about 99% of the argon with a loss of less than or equal to 2% krypton was achieved adopting this procedure. Separations of this order were needed, particularly for the krypton mass dependence measurements, where a high accuracy was required and a persistent background corresponding to a mass of 78 was found. It is thought that this impurity accompanied the gas sample coming from the diffusion cryostat. In the case of 
Variation of krypton concentration in vapour with cm3 s-'In
Diffusion technique for high aapour pressure solids activation energy measurements poorer separations could be tolerated to achieve a decrease in the total time required for analysis.
Performance
The apparatus described here has been used to measure self-diffusion and impurity diffusion rates to a reasonable degree of accuracy (+3%). A typical measurement of the variation of the krypton concentration in the vapour with time for krypton diffusion in solid argon and the fitted curve based on equation (1) is shown in figure 7 . The results are reported in detail elsewhere (Parker, Glyde and Smith 1969) . In addition, measurements of self-diffusion in solid argon and the mass dependence of the 7SKr and 86Kr isotopes have been carried out and are also reported elsewhere Smith 1968, 1969) .
